The importance for Bmp signaling during embryonic stem cell differentiation into myocardial cells has been recognized. The question when and where Bmp signaling in vivo regulates myocardial differentiation has remained largely unanswered.
T he complex multichambered vertebrate heart is formed from a rapidly expanding primary heart tube due to the combined processes of cardiac differentiation and tissue morphogenesis.
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In zebrafish, cardiac progenitor cells are located in the lateral marginal domain at both sides of the organizer of blastula stage embryos. 1, 2 During gastrulation, the bilateral pools of cardiac progenitor cells migrate dorsal and anterior to form part of the anterior lateral plate mesoderm (ALPM). In the ALPM, several transcription factors (nkx2.5, gata5, and hand2) are expressed that promote cardiac differentiation. The first progenitor cells that are determined to become cardiomyocyte in the ALPM can be identified at the 14-somite stage by expression of the cardiac differentiation marker cardiac myosin, light polypeptide 7 (myl7). 3 Around 19 hours postfertilization (hpf) (20-somite stage), these 2 bilateral pools of cardiomyocytes have fused at the midline to form a cardiac disk. 4, 5 This cardiac disk rotates and extends in an anterior and leftward direction to form a linear heart tube. 6 We previously described a continuous growth of the heart tube by the addition of cardiomyocytes to both the arterial and venous pole of the heart tube. 7 At the arterial pole, Fgf signaling is required for the growth of the heart. 7 At the venous pole we described that the transcription factor Isl1 is present in the differentiating cardiomyocytes, and embryos lacking Isl1 have a small reduction in the number of atrial cardiomyocytes.
Bmp ligands have been implicated in regulating cardiac differentiation in invertebrates as well as vertebrates. 8 -14 Bmp proteins are synthesized as large preproteins, which are cleaved to release the dimeric C-terminal mature and active region. 15 Bmp2 and Bmp4 are closely related, and they can bind to their Bmp type 1 receptors (alk2/8, alk3a, alk3b, and alk6) as homo-or heterodimers. 16 -18 Interaction of the type 1 receptor with the Bmp type 2 receptor results in the phosphorylation of Smad transcriptional activators. In case of Bmp signaling there are 3 receptor-Smad proteins (Smad1, -5, and -8) that can be phosphorylated and interact with the co-Smad, Smad4. This phosphorylated Smad-protein complex is translocated to the nucleus where it activates gene expression. Secreted antagonists such as Noggin can block the interaction between Bmp ligand and the receptor and thereby prevent Bmp signaling, while the inhibitory Smad protein Smad6 attenuates Bmp signaling in the cytoplasm. Smad6 has been shown to specifically inhibit Bmp signaling but only weakly Tgf-␤/activin signaling. Several mechanisms have been proposed for the inhibitory effect of Smad6 on Bmp signaling. Smad6 can bind to Smad1 and interfere with complex formation between Smad1 and Smad4. 19 Smad6 can also form a stable complex with the Bmp type I receptors. This interaction can inhibit phosphorylation of Bmp-specific R-Smads and result in inhibition of Bmp signaling. 20 Furthermore, Smad6 recruits the E3 ubiquitin ligase Smurf1 (Smad ubiquitin regulatory factor 1) to the signaling receptor complex and enhances the down-regulation of type I receptors through proteasome-dependent degradation. 21 In this study, we investigated the role of Bmp signaling in cardiomyocyte differentiation. We observed that in zebrafish embryos, Bmp signaling is active in the ALPM but is absent from the myocardial cells at similar stages. These results raise 2 questions: (i) when is Bmp signaling required for cardiac differentiation and (ii) is the observed inhibition of Bmp signaling in differentiating cardiomyocytes relevant for heart formation? As an answer to the first question, we identified a previously unrecognized continuous requirement for Bmp signaling during cardiac differentiation in the ALPM. As an answer to the second question, we found that Smad6 is required to inhibit Bmp signaling and that the downregulation of Bmp signaling is required for proper formation of the ventricle and preventing expression of atrial myosin in regions outside the atrium.
Methods
All transgenic strains were analyzed as heterozygotes in our studies, and all embryos were grown at 28.5°C. Mutants used in this study were lin/ bmpr1aa hu4087 , bmpr1ab sa0028 , and laf/acvr1l tm110b . Transgenic lines used were Tg(hsp70:alk8), Tg(hsp70I:Nog3) fr14 , Tg(hsp70:Bmp2b) fr13 , and Tg(Bre:GFP) p77 .
An expanded Methods section is available in the online-only Data Supplement.
Results

Bmp Signaling Is Required and Precedes Cardiac Differentiation
We recently showed that Bmp receptor 1a (alk3a;alk3b) double-mutant embryos (further referred to as alk3 mutants) lack differentiated cardiomyocytes. 22 Further examination of the alk3 mutant embryos revealed that the precardiac marker hand2 and the cardiac marker nkx2.5 were lost in alk3 mutant embryos ( Figure 1A through 1F), while tbx1 was still expressed in the ALPM ( Figure 1G and 1H). Although these results demonstrate that Bmp signaling is required for the induction of cardiac mesoderm, they do not address when and where this takes place. To visualize active Bmp signaling, we used an antibody recognizing phosphorylated Smad1, Smad5, and Smad8 protein (referred to as P-Smad), in combination with the transgene Tg(myl7:GFP) labeling differentiated cardiomyocytes. In agreement with our previous findings, 7 we observed that in the ALPM the number of cardiomyocytes expressing myl7:GFP progressively increases from 15 to 20 hpf (Figure 2A through 2E) . Interestingly, at the 12 somite stage (15 hpf) a nuclear P-Smad protein was detected in cells near the myl7:GFP-expressing cells, while most myl7:GFPexpressing cells were negative for P-Smad ( Figure 2A Figure 2D ). Together, these results demonstrate that while Bmp signaling is active in the ALPM, there is very little Bmp signaling activity in the differentiating cardiomyocytes. Since Bmp signaling is required for cardiomyocyte differentiation, we addressed whether Bmp signaling was active in cardiac progenitor cells prior to their differentiation into cardiomyocytes. Therefore we analyzed Tg(Bre:eGFP) embryos in which GFP expression is induced by Bmp signaling due to the presence of a conserved Bmp responsive element (BRE) upstream of the coding sequence for eGFP. 23 Since GFP has a half-life time of 24 hours, it is possible to trace cells after the Bmp signal has been turned off. When analyzing Tg-(Bre:eGFP) embryos, we observed that differentiating cardiomyocytes, marked by tropomyosin expression, were positive for Bre:GFP, albeit at lower levels in comparison with cells neighboring the myocardial tissue ( Figure 2F through 2H and Online Figure I ). Together, these results demonstrate that while cardiomyocytes are exposed to Bmp signaling prior to their differentiation and that the signaling activity is required for proper cardiomyocyte differentiation, Bmp signaling is no longer active in differentiating cardiomyocytes.
Bmp Signaling Is Required for Cardiomyocyte Differentiation Until Midsegmentation Independent of Mesoderm Specification
To address when Bmp signaling is required to induce cardiac differentiation, we studied the zebrafish lost-a-fin (laf) mutant, encoding a Bmp receptor type I (acvr1l/alk8). While alk3 mutant embryos display severe dorsoventral patterning defects resulting in early embryo lethality, zygotic (Z) laf/ alk8 mutant embryos have only mild dorsoventral defects due to the presence of maternal alk8 mRNA in the oocyte during gastrulation. 16, 17, 22 Maternal zygotic (MZ) alk8 mutants, lacking all maternal and zygotic alk8 mRNA, display very severe mesodermal patterning defects and as a consequence die between 16 and 24 hpf. 17 As reported previously, zygotic (Z) laf/alk8 mutant embryos have a reduced ventral tailfin together with a smaller atrium in comparison with their wildtype siblings at 48 hours postfertilization (hpf) (Online Figure  IIA) . 12, 16, 17, 24 To investigate when zygotic alk8 mRNA is required to allow atrial cardiomyocytes to form correctly, we re-expressed a functional alk8 gene in Zlaf/alk8 mutant embryos at various developmental time points. For this purpose we used a previously described heat-shock inducible transgenic line driving alk8 expression Tg(hsp70:alk8). 25 In agreement with an earlier report, inducing alk8 expression during gastrulation (6 hpf) completely rescued the Zlaf/alk8 phenotypes, including the small atrium (Shin et al 25 and data not shown). Interestingly, re-expressing alk8 after gastrulation at 16 hpf (14 somites stage) in Zlaf/alk8 mutant embryos still restored the number of atrial cardiomyocytes to wild-type numbers ( Figure 3A and 3B) (wild-type control; 85.6Ϯ5 atrial cells versus laf/alk8 mutant; 51.8Ϯ4 atrial cells versus laf/alk8 mutant/ Tg(hsp70:alk8); 82.6Ϯ6 atrial cells, PϽ0.01), although it no longer rescued the loss of the ventral tailfin (Online Figure IIA) . These results suggest that even after gastrulation, Bmp signaling is still required for the correct differentiation of cardiomyocytes. Re-expressing alk8 at 16 hpf (14 somites stage) in Zlaf/alk8 mutant embryos did not, however, restore cardiac looping (Online Figure IIA) , indicating that cardiac looping and cardiomyocyte differentiation are 2 distinct processes both requiring Bmp signaling but at different time points during embryo development.
To address when Bmp signaling is still required to stimulate cardiac differentiation after gastrulation, we blocked Bmp signaling at different postgastrula stages using a previously described heat- shock inducible Noggin3 transgenic line. 24 The Tg(hsp70:Noggin3) carriers were crossed with Tg(myl7:dsRed-nuc) carriers, and the embryos derived from this cross were heat-shocked at various stages and fixed at 48 hpf to quantify the number of cardiomyocytes in the ventricle and atrium ( Figure 3C ). After an early block in Bmp signaling from 10 hpf (bud stage), both cardiac chambers were observed to contain fewer cardiomyocytes (wildtype siblings; 122.7Ϯ4 ventricular and 84.4Ϯ6 atrial cells versus Tg(hsp70:Noggin3) embryos; 84.1Ϯ11 ventricular and 24.8Ϯ6 atrial cells; nϭ11, PϽ0.01) ( Figure 3D and Online Figure IIB) . In contrast, Tg(hsp70:Noggin3)/Tg(myl7: dsRed-nuc) embryos heat-shocked at 16 hpf (14 somite stage) and fixed at 48 hpf contained normal numbers of ventricular cells (111.8Ϯ4 in wild-type siblings versus 105.5Ϯ6 ventricular cells in Tg(hsp70:Noggin3)). However, the number of atrial cells was significantly reduced in the Tg(hsp70:Noggin3) embryos heat-shocked at 16 hpf (wild-type siblings; 97.6Ϯ5 versus Tg(hsp70:Noggin3); 78.8Ϯ2 atrial cells, nϭ11, PϽ0.01) ( Figure 3E and Online Figure IIB ). Finally, Tg(hsp70:Noggin3)/Tg(myl7: dsRed-nuc) embryos heatshocked at 24 hpf and fixed at 48 hpf contained normal numbers of both ventricular and atrial cardiomyocytes (109.1Ϯ3 versus 107.8Ϯ9 ventricular cardiomyocytes in wild-type siblingsversus Tg(hsp70:Noggin3); 82.5Ϯ4 versus 73.6Ϯ3 atrial cardiomyocytes in wild-type siblings versus Tg(hsp70:Noggin3)) ( Figure 3F and Online Figure  IIB ). However, looping morphogenesis was affected in these embryos (Online Figure IIB) .
In conclusion, these data demonstrate that in the embryo proper, there is a continuous requirement for Bmp signaling activity to induce cardiomyocyte differentiation. However, atrial and ventricle cardiomyocytes require a Bmp signal at different stages. While progenitor cells that form the myocardium of the ventricle require activation of Bmp signaling from gastrulation until early segmentation stages (bud stage), those that form the myocardium of the atrium require activation of Bmp signaling from early through late segmentation stages (12-15 somites). This observation is consistent with Zlaf/alk8 -/- 
Bmp Signaling via Alk8 Is Dispensable for Cell Proliferation in the ALPM
Previous studies in chick and mouse embryos showed that inhibiting Bmp signaling stimulates cell proliferation in the ALPM. 26 -29 To analyze whether cell proliferation was affected in the ALPM of Zlaf/alk8 mutant embryos, we pulselabeled the embryos from 16 to 19 hpf with BrdU and quantified the number of BrdU positive cells. Expression of nkx2.5 was used to mark the cardiac mesoderm. By counting all BrdU positive cells in ALPM of serial sections (from anterior nkx2.5 positive cells until the notochord appeared in the sections), no difference in the number of BrdU positive cells was observed between laf/alk8 mutant and their wildtype sibling embryos (wild-type sibling 412Ϯ6 versus laf/ alk8 mutant 420Ϯ63) ( Figure 4A through 4E). Similar results were obtained with the Tg(hsp70:Noggin3) embryos in which Bmp signaling was inhibited at 16 hpf (data not shown).
Bmp Signaling Induces tbx2b and tbx20 Expression
Since we observed no effect on cell proliferation in the ALPM upon reducing Bmp signaling, we wondered whether Bmp signaling could affect cardiac differentiation by regulating the expression of cardiogenic factors. The T-box factors tbx20 and tbx2 play independent roles during cardiomyocyte differentiation in mouse embryos. 30 In addition, both tbx20 and tbx2 are direct transcriptional targets of Bmp signaling. 30, 31 To address when BMP-dependent regulation of tbx2b and tbx20 occurs during cardiac differentiation, we reduced Bmp signaling at the mid-to late-somite stage. We observed a reduced expression of both tbx20 and tbx2b in the cardiac region as a consequence of noggin3 expression at the 15-somite stage ( Figure 5A through 5D ). Quantitative RT-PCR analysis on cardiac explants revealed that tbx20 and tbx2b were significantly down-regulated, 3.5-fold and 5-fold, respectively, as a response to Noggin3 expression during late segmentation stages ( Figure 5E and 5F) . These results demonstrate that Bmp signaling at midsomite stages is required to induce tbx20 and tbx2b expression, 2 transcription factors that regulate myocardial differentiation.
Bmp Signaling in the Cardiac Field Is Inhibited by the Inhibitory Smad6
We observed that cardiomyocytes were exposed to Bmp signaling prior to differentiation and that Bmp signaling was lost in differentiating cardiomyocytes (Figure 1 ). This raised the question of whether the reduced Bmp signaling observed in the differentiating myocardium is relevant for normal heart formation and, if so, how this is regulated. A possible explanation for the low Bmp signaling activity in cardiomyocytes would be that in cardiomyocytes, Bmp ligands are a limiting factor. To test this possibility we overexpressed bmp2b in the entire embryo including the myl7-expressing cardiac cells using the heat-shock inducible Tg(hsp70:bmp2b) transgene. We observed that cardiomyocytes located medially in the cardiac field, which in wildtype embryos lack P-Smad ( Figure 6A through 6DЈ) , were positive for P-Smad in heat-shocked Tg(hsp70:Bmp2b) embryos ( Figure 6E through 6HЈ, indicated by the white arrows). P-Smad levels in these cardiomyocytes, however, were still low when compared with other cell types such as those in the ventral neural tube ( Figure 6E through 6HЈ, indicated by the red arrowhead). This suggested that either medial cardiomyocytes lack the appropriate receptors to respond to the Bmp signal or they may contain an endogenous inhibitory factor. Since expression of alk3a, alk3b, and alk8 was reported to be ubiquitous at the relevant stages, 16, 17, 22 we addressed the involvement of an inhibitor. The inhibitory Smad6 protein can repress Bmp signaling by competing with Smad1 for Smad4 binding or by preventing Smad1,5,8 phosphorylation. 19 -21 In zebrafish, smad6 is duplicated, and we observed that smad6a was expressed in 2 bilateral populations of cells at the 15-somite stage ( Figure 7A and 7B). At later stages when the cardiac fields have fused at the midline, we observed smad6a expression in the cardiac disk ( Figure 7C ). When the heart tube has formed at 24 hpf, we observed smad6a expression in the linear heart tube predominantly in the future ventricle and in a region posterior of the arterial pole ( Figure 7D) . To test the function of Smad6a during cardiac differentiation, we generated 2 nonoverlapping antisense morpholino oligos (MOs) complementary to the 5ЈUTR and translation start site of the smad6a transcript. Injection of these smad6a MOs did not affect overall embryo morphology, but we observed ectopic phospho-Smad1,5,8 signals specifically in the medial differentiating cardiomyocytes (Figure 7 E through 7HЈ for ATG MO and data not shown) in comparison with embryos injected with a control MO ( Figure 7A through 7D) . In wild-type embryos, only 16% of myl7:GFP expressing cardiomyocytes were P-Smad positive, whereas in smad6a morphants (MO injected), this percentage was increased to 62% (nϭ6 for control, nϭ5 for MO injected). Together, these results demonstrate that the inhibitory Smad6a is expressed during myocardial differentiation, during which it is required to prevent Smad phosphorylation and thereby activation of the Bmp signaling pathway.
Ectopic Bmp Signaling Results in a Hypoplastic Ventricle and Ectopic Expression of Atrial Myosin
To address the biological relevance of Bmp inhibition in the cardiac field during cardiac differentiation, we analyzed the heart tubes of Tg(hsp70:bmp2b) embryos heat-shocked at the 14-or 18-somite stages as well the heart tubes of smad6a morphant embryos at 48 hpf ( Figure 8A through 8C) . In both the Tg(hsp70:bmp2b) and the smad6a morphant embryos, we observed that cardiac looping was compromised and the size of the ventricle was reduced. To further investigate the effect of ectopic Bmp signaling on cardiac growth, we quantified the number of atrial and ventricle myocytes in those hearts. Surprisingly, we observed that the number of ventricular cardiomyocytes in heat-shocked Tg(hsp70:bmp2b) embryos as well as in smad6a morphant embryos was significantly reduced (wild-type 150.0Ϯ9; Tg(hsp70:bmp2b) 122.3Ϯ9; smad6a morphants 89.9Ϯ4 ventricular cells; PϽ0.05 and PϽ0.01) ( Figure 8E ), while the number of atrial cardiomyocytes was not significantly different from wild-type siblings on ectopic Bmp signaling in 
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Tg(hsp70:bmp2b) embryos or smad6a morphants (wild-type 123.8Ϯ6; Tg(hsp70:bmp2b) 111.0Ϯ8; smad6a morphants 107.6Ϯ6) ( Figure 8E ). The reduction in the number of ventricle myocytes was most prominent in the smad6a morphant embryos. To address whether Bmp ligands are limiting Bmp signaling in the absence of the inhibitory Smad6, we combined heat shock-induced bmp2b expression with the knock-down of smad6a. However, when we induced ectopic bmp2b expression at the 14-somite stage in smad6a morphants, we did not observe an additional reduction of the number of cells in the ventricle (smad6a morphants; 89.9Ϯ4 versus Tg(hsp70:bmp2b)/smad6a morphants; 84.2Ϯ7) ( Figure 8D and 8E) . Interestingly, we did observe the appearance of cells located within the ventricle or arterial pole that expressed the atrial myosin Myh6 (wild-type 0.0Ϯ0 cells in nϭ5 embryos; Tg(hsp70:bmp2b) 1.8Ϯ0.5 cells in nϭ5 of 6 embryos; smad6a morphants 1Ϯ0.3 cells in nϭ5 of 7 embryos; Tg(hsp70:bmp2b)/smad6a MO 8.2Ϯ1.8 cells in nϭ5 of 6 embryos) ( Figure 8D through DЈЈ). Since we had observed that Bmp signaling was required to induce tbx20 and tbx2b expression in the differentiating myocardium, we next analyzed whether Bmp activity was also sufficient to induce the expression of these cardiac transcription factors. Indeed, we observed ectopic expression of tbx20 in the region posterior to the arterial pole and enhanced expression of tbx2b at places where tbx2b is normally already expressed, including the myocardium. Together, these results demonstrate that inhibition of Bmp signaling by Smad6 is required to allow efficient myocardial differentiation.
Discussion
Our genetic analysis demonstrates that Bmp signaling activity is strictly controlled during cardiomyocyte differentiation, since it is required in the cardiac progenitor cells to induce cardiac differentiation but dispensable and even deleterious once differentiation is initiated. While Bmp signaling is active in cardiac progenitor cells to induce their differentiation, Smad6a actively inhibits Bmp signaling once differentiation is initiated. Inhibition of Bmp signaling in the myocardium is required to allow restricted levels and localization of tbx20 and tbx2b expression and proper differentiation of the cardiac chambers (Online Figure III) . The temporal distinct effects of Bmp signaling on cardiomyocyte number provide insights into the cellular mechanism by which the size of the vertebrate heart is controlled. Our analysis of mutant embryos deficient for Bmpr1a demonstrated that Bmp signaling is required to induce expression of nkx2.5 and hand2 in the ALPM, corroborating previous data from mouse mutants in which Bmpr1a was deleted in the lateral mesoderm by using MesP1-cre. 8 During gastrulation a gradient of Bmp signaling along the dorsoventral axis patterns the mesoderm. In both Drosophila and zebrafish, Bmp signaling during gastrulation is required to specify the initial pool of cardiac progenitor cells that express nkx2.5. 9, 10, 12 Our data demonstrate that beyond gastrulation, Bmp signaling is still required to promote cardiac differentiation. This conclusion differs from a previous report suggesting that Bmp signaling after gastrulation is dispensable for cardiac differentiation. 12 In the latter study, the authors used different methods to perturb Bmp signaling than were used in our study, which could have been less potent in inhibiting Bmp signaling. Indeed, it was reported that Tg(Hsp70l:dnBmpr1b-eGFP) line and the chemical Bmp inhibitor Dorsomorphin are both less potent than Tg(hsp70:noggin3) line used in this study in recapitulating a full loss of Bmp signaling. 24, 32, 33 We therefore believe that this difference in experimental setup used to perturb Bmp signaling provides a likely explanation for the different outcome of the 2 studies. Our results are consistent with a model in which initial Bmp signaling activity in the ALPM is required to induce cardiac differentiation by the induction of transcription factors such as nkx2.5, hand2, tbx20, and tbx2, while during myocardial differentiation a more restricted and confined activation of the Bmp pathway is required to allow compartmentalization of the myocardium into distinct chamber and primitive myocardium (Online Figure III) . We observed that inhibiting Bmp signaling by ectopic Noggin expression at mid-to late-somite stages resulted in the down-regulation of the cardiac transcription factors tbx20 and tbx2b. Bmp signaling strictly regulates the expression of both tbx20 and tbx2 during myocardial differentiation, and it was suggested that these transcription factors are direct targets of this path-way. 30, 31 Our results from the Tg(Bre:GFP) embryo experiment are consistent with such a cell-autonomous role for Bmp signaling during myocardial differentiation. Tbx20 and tbx2 regulate the compartmentalization of the myocardium into primitive and chamber myocardium. Mice homozygous mutant for tbx20 establish a small heart tube that fails to undergo looping morphogenesis and to initiate chamber formation. 34 -37 The transcriptional repressor tbx2 was shown to regulate AVC formation by preventing chamber differentiation. 38, 39 We and others previously showed that Bmp signaling is required for normal looping morphogenesis. 11, 22, 24, 40, 41 Here we observed that while cardiomyocyte differentiation was rescued, the looping defect observed in alk8 mutant hearts was not rescued by re-expressing wild-type alk8 at mid-somite stages. In addition we observed abnormal looping morphogenesis in embryos in which Noggin was expressed at 24 hpf, at which time cardiomyocyte differentiation was unaffected. These results suggest that Bmp signaling independent from its role during myocardial differentiation controls looping morphogenesis. Corroborating such a model is the observation that Bmp2/4 is expressed in the looped heart tube, where it is required to confine tbx2 expression to the AVC. 42, 43 
Inhibition of Bmp Signaling by Smad6 Is Required for Myocardial Differentiation
Our results demonstrate that Smad6a is expressed in the cardiac field and linear heart tube to inhibit Bmp signaling. Interestingly, Smad6 is also expressed in the myocardium of the chick heart at stages 10 and 15, where it is regulated by Bmp signaling. 28 Mummery), suggesting that the role for Smad6 during cardiac differentiation has been conserved in higher vertebrates.
Smad6 is not the only negative regulator of Bmp signaling in the myocardium since other mechanisms have been identified. First, a detailed analysis of the mouse nkx2.5 mutant demonstrated that nkx2.5 negatively regulates phosph-Smad1,5,8 levels in the cardiac field during myocardial expansion, possibly by repressing Bmp2 expression. 27 Second, it was reported that Bmp signaling in the myocardium is negatively regulated by a direct interaction of tbx20 with phosphorylated Smad1 and Smad5. 30 Since Bmp signaling regulates expression of nkx2.5, tbx20, and Smad6 in the myocardium, they may be part of a concerted feedback inhibition loop to control and fine-tune Bmp signaling activity. While Bmp signaling is initially activated broadly in the cardiac mesoderm, it becomes confined to AVC, where it induces the transcriptional repressor tbx2, which is required to maintain a primitive myocardium. Ectopic expression of tbx2 in the entire myocardium of the early mouse heart results in small and unlooped hearts, 44 illuminating the necessity to prevent premature activation of tbx2 by Bmp signaling in the heart tube and prospective chambers.
Our results potentially clarify some of the seemingly contradictory results obtained from in vitro experiments. In cardiac differentiation assays using embryonic and induced pluripotent stem cells, both stimulating and inhibitory effects of Bmp growth factors have been reported. [45] [46] [47] [48] Interestingly, recent results were reported showing that myocardial differentiation is most efficient when embryoid bodies are incubated with a combination of Bmp and activin for 2 days, after which they are cultured in the presence of dorsomorphin and SB431542 to inhibit Bmp and Nodal signaling, respectively. 48 Thus, our observations described here contribute to a better understanding of how cardiogenic differentiation is regulated in vivo. A good understanding of the in vivo regulation will allow optimizing this process in vitro in the future.
Novelty and Significance
What Is Known?
• In embryos in which bone morphogenetic protein (BMP) signaling activity is compromised, cardiomyocyte specification is reduced. • Both stimulation and inhibition of BMP signaling activity can enhance cardiomyocyte differentiation of embryonic stem cells.
What New Information Does This Article Contribute?
• Cardiac progenitor cells located in the lateral plate mesoderm of the embryo are exposed to and require a BMP signal to initiate cardiomyocyte differentiation. • Once cardiomyocyte differentiation is initiated, BMP signaling is inhibited due to the expression of Smad6 in the cardiomyocytes. • Ectopic BMP signaling activity induces the expression of Tbx2 and Tbx20 and prevents cardiac chamber formation.
After the first report that in Drosophila embryos, Dpp signaling (related to vertebrate BMP and TGF-␤) is required to induce cardiac mesoderm, it was recognized that in vertebrates also, BMP signaling induces cardiomyocyte specification and differentiation. However, it is unclear when and where in the vertebrate embryo BMP signaling is active during myocardial differentiation. Here we demonstrate that, cardiomyocyte specification in the lateral plate mesoderm is completely absent in zebrafish mutant embryos that lack BMP signaling. We show that cardiac progenitor cells are exposed to and require BMP signaling to initiate differentiation; however, once differentiation is intiated, BMP signaling is actively repressed by the expression of Smad6, which is required to allow cardiac chamber differentiation. We also show that activating BMP signaling in the myocardium results in the ectopic expression of Tbx2 and Tbx20 and prevents cardiac chamber formation. From these results we conclude that Bmp signaling activity is strictly controlled during cardiomyocyte differentiation. It is required in the cardiac progenitor cells to induce cardiac differentiation, but it is dispensable or even deleterious once differentiation is initiated.
Understanding the signals that are required for cardiomyocyte differentiation in the embryo proper will facilitate optimization of in vitro protocols for cardiomyocyte differentiation of multipotent, embryonic stem cells.
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